ABSTRACT
Recent breakthroughs in horizontal drilling and hydraulic fracturing technology have made huge reservoirs of previously untapped shale gas and shale oil formations available for use. These new resources have already made a significant impact on the United States chemical industry and present many opportunities for new capital investments and industry growth. As in conventional natural gas, shale gas contains primarily methane, but some formations contain significant amounts of higher molecular weight hydrocarbons and inorganic gases such as nitrogen and carbon dioxide. These differences present several technical challenges to incorporating shale gas with current infrastructure designed to be used with natural gas. However, each shale presents opportunities to develop novel chemical processes that optimize its composition in order to more efficiently and profitably produce valuable chemical products.
This paper is aimed at process synthesis, analysis, and integration of different processing pathways for the production of methanol from shale gas. The composition of the shale gas feedstock is assumed to come from the Barnett Shale Play located near Fort Worth, Texas, which is currently the most active shale gas play in the US. Process simulation and published data were used to construct a base-case scenario in Aspen Plus. The impact of different processing pathways was analyzed. Key performance indicators were assessed. These include overall process targets for mass and energy, economic performance, and environmental impact. Finally, the impact of several factors (e.g., feedstock composition, design and operating variables) is studied through a sensitivity analysis.
The results show a profitable process above a methanol selling price of approximately $1.50/gal.
The sensitivity analysis shows that the ROI depends much more heavily on the selling price of methanol than on the operating costs. Energy integration leads to a savings of $30.1 million per year, or an increase in ROI of 2% points. This also helps offset some of the cost required for the oxygen necessary for syngas generation through partial oxidation. For a sample shale gas composition with high levels of impurities, preprocessing costs require a price differential of $0.73/MMBtu from natural gas. The process is also environmentally desirable because shale gas does not lead to higher GHG emissions than conventional natural gas. More water is required for hydraulic fracturing, but some of these concerns can be abated through conservation techniques and regulation.
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INTRODUCTION
In order to meet the energy demands of the twenty-first century, engineers and scientists are working to develop new methods of discovering, extracting, and refining fossil fuels including oil, coal, and natural gas. While the development of alternative energy technologies continues and the use of renewable energy sources increases, fossil fuels still fulfill the majority of the United States' energy needs: approximately 85%, with natural gas supplying about 22% of the total [1] .
Natural gas is an odorless, colorless mixture of light hydrocarbons and other gases. The primary component is methane, with the remaining fraction consisting of a mixture of heavier hydrocarbons including ethane and propane. Crude natural gas may also contain other light gases such as nitrogen, helium, and water in small concentrations. Table 1 shows the variability of natural gas concentration and composition due to variations from individual wells.
In light of concerns about environmental pollution and greenhouse gas emissions, consumption of natural gas as a fuel source has grown due to its clean burning nature and high energy content. The main byproducts of combustion of natural gas are carbon dioxide and water, according to the chemical reaction below.
Additional byproducts include carbon monoxide, sulfur dioxide, nitrogen oxides, and hydrocarbons; however, these chemicals are present in much lower concentrations in natural gas than in other fossil fuels. Natural gas has an additional advantage over other fossil fuels due to its large domestic availability, which addresses political and economic concerns over dependence on foreign oil supplies. In the United States, 84% of the natural gas consumed is produced in the country and 97% is produced in North America [1] . As energy needs continue to rise, natural gas will remain an important resource in the American economy. Natural gas is a key resource for many diverse sectors of the economy, including industrial chemicals and fuels, power generation, transportation fuels, and residential heating.
The emerging shale gas industry in the United States
As the demand for natural gas continues to rise, new sources and techniques for extracting natural gas are being developed. Unconventional production, which includes but is not limited to shale gas production, now accounts for 46% of the total U.S. production of natural gas [1] . Shale gas production in the United States has been growing consistently over the past decade and Figure 6 shows that shale gas is projected to increase over the next twenty-five years to become the primary source of natural gas produced in the United States. Shale gas includes natural gas sources from low-permeability shale, a sedimentary rock that consists primarily of consolidated clay-sized particles [1] . The low natural permeability of shale has been the limiting factor to the production of shale gas resources because only small volumes of gas flow naturally to a wellbore [1] . However, breakthroughs in modern drilling technology have made it possible to increase gas flow from the shale formation and make development of shale reservoirs economical. Figure 1 . Projections of U.S. Shale Gas Production [3] The primary difference between modern shale gas development and conventional natural gas development is the extensive use of modern drilling techniques such as horizontal wells and hydraulic fracturing. Drilling of shale gas wells includes both traditional vertical wells as well as horizontal wells. Horizontal well drilling has been an increasingly utilized technique because it provides exposure to greater volume of a formation: a single well pad with horizontal wells can access the same reservoir volume as sixteen vertical wells [1] . As a result, fewer drill pads are necessary which also reduces the infrastructure necessary to develop a well. While helping to optimize product recovery and profit, these techniques can also help to reduce the overall environmental impact of gas recovery and production. The hydraulic fracturing technique is also used to increase the well's exposure to natural gas in a rock formation. This is achieved by injection of a fluid under high pressure into the formation, which relieves the internal stresses and causes cracks to form in the rock. Fracturing fluids are typically composed of a mixture of water and sand with chemical additives.
Like in conventional natural gas, the largest fraction of shale gas consists of methane. However, some shale gas formations contain significant amounts of higher molecular weight hydrocarbons, including ethane and propane, as well as other inorganic gases such as nitrogen and carbon dioxide. Compounds in shale gas may not be present in natural gas or may be present only in negligible amounts. These differences present several technical challenges to incorporating the use of shale gas with current infrastructure designed to be used with conventional natural gas.
However, each shale gas basin presents many opportunities to develop novel chemical processes that optimize its composition in order to more efficiently and profitably produce valuable chemical products.
Natural gas processing
Once the crude natural gas has been extracted from underground reservoirs, it must be processed to remove impurities resulting from the drilling process or from the well itself before the gas can be used in an industrial or commercial application. Although no national standards exist, each pipeline has strict specifications for heat content, removal of particulate matter, and maximum concentrations of contaminants such as nitrogen, carbon dioxide, and hydrogen sulfide, and natural gas liquids. Some of the most common impurities found in natural gas are listed below in Table 2 . Processing of natural gas involves three main steps: removal of impurities, dehydration, and separation into light and heavy fractions. In order to prepare the crude gas for processing, acidforming components such as carbon dioxide and hydrogen sulfide must be removed. Next, dehydration is central to the purification process in order to prevent condensation inside pipelines during transport. Similarly, some pipeline standards do not allow for high nitrogen content, so nitrogen is typically removed via a cryogenic separation process and discharged to the atmosphere. Additionally, drilling process water must be treated due to soluble contaminants from the gas and particulate matter (i.e. dirt and sand) which infiltrate the water during the drilling process. Figure 2 summarizes the major steps in processing crude natural gas. Figure 2 . Natural Gas Purification Process [5] The primary acid forming components in natural gas are carbon dioxide (CO₂) and hydrogen sulfide (H₂S). Many techniques have been developed to remove these components either together or with selectivity for one component. One technique that serves to remove both components is absorption with an alkanolamine, such as monoethanolamine (MEA), diethanolamine (DEA), or methyldiethanolamine (MDEA).
Monoethanolamine (MEA) Diethanolamine (DEA) Methyldiethanolamine (MDEA) Figure 3 . Alkanolamines for Acid-Gas Removal
In the alkanolamine molecules, the hydroxyl group serves to reduce vapor pressure and increase water solubility while the amino group reacts with the acidic gases. Additionally, acid-gas components can be removed from natural gas with physical solvents, catalytic reactions, or other absorbents including ammonium salts and water.
Water vapor can be removed through adsorption in glycol solution or adsorption on solid desiccants such as silica and alumina. Water can also be used as an absorbent to remove other impurities including major contaminants like ammonia, hydrogen cyanide, sulfur dioxide, and carbon dioxide.
Once impurities are removed from natural gas feedstocks, the hydrocarbons are separated into light and heavy fractions through cooling and partial condensation in a heat exchanger. Modern plants use cryogenic separation to separate propane and butane, also known as liquefied petroleum gas (LPG). In this process, crude gas is cooled and partially condensed under high pressure in a heat exchanger, then expanded, heated and sent to a separation column where the bottoms products consist of the C3 plus products. The light hydrocarbons (ethane and methane)
are recycled from the top of the column. Ethane is separated in a similar manner as the LPG process, but with a lower temperature profile.
Synthesis gas generation
Natural gas serves as an important raw material for the production of many industrial chemicals.
One of the most important derivatives of natural gas is synthesis gas, a mixture of carbon monoxide, hydrogen, and nitrogen gases. Synthesis gas is the primary feedstock for the manufacture of several essential commodity chemicals including methanol and ammonia.
Purification of crude natural gas is necessary for the production of synthesis gas because components such as sulfur and chlorides poison the nickel catalyst used to generate synthesis gas. Common methods for the generation of synthesis gas include steam reforming, partial oxidation, and autothermal reforming. In steam reforming, the primary component of natural gas, methane, reacts with water according to the following endothermal reaction:
For partial oxidation, methane is reacted with oxygen from air according to the following exothermal reaction:
Oxygen present in excess or insufficient amounts will result in the formation of byproducts carbon dioxide and coke (solid carbon). Autothermal reforming combines the previous two techniques by using the energy generated from partial oxidation of hydrocarbons to drive the endothermic reaction in steam reforming.
Methanol production
Methanol, also known as methyl alcohol or wood alcohol, is a clear, colorless, flammable liquid with the chemical formula CH 3 OH. Methanol is among one of the ten most important organic chemicals because it plays a crucial role as a reactant in the manufacture of many other basic chemical compounds. Approximately forty percent of methanol produced goes into formaldehyde production, which occurs by oxidizing methanol in the presence of a copper catalyst resulting in dehydrogenation. Acetic acid can also be produced by reacting methanol with carbon monoxide.
Methanol is typically produced on an industrial scale using a catalytic reaction of synthesis gas at high pressure. In order to produce methanol, first syngas must be generated from the primary feed source using one of the methods discussed in the previous section. Typically, synthesis gas is generated from natural gas but current research is developing syngas generation methods utilizing gasification of biomass and gasification of coal. The product stream includes hydrogen and carbon monoxide gas as well as a small amount of unreacted methane, nitrogen, and carbon dioxide.
Equilibrium for methanol formation is favored by low temperatures and high pressures, so the reactor feed conditions are typically 50-100 atm and 230-260 °C [6] . The reaction takes place over a CuO/ZnO/Al 2 O 3 catalyst. Methanol synthesis actually occurs as a combination of two reactions in the syngas mixture: the first involving carbon dioxide and hydrogen and the second involving carbon monoxide and water generated in the system. The overall reaction shows a net exothermal conversion of carbon monoxide and hydrogen gases, the primary components of syngas, to liquid methanol.
During this process, some side reactions occur which form impurities including dimethyl ether, methyl formate, and butanol, which must be removed during the final purification of the process.
CHAPTER II METHODS
Differences in shale gas composition present both challenges and opportunities for innovation in the chemical industry. In this text, the production of methanol from synthesis gas will serve as a sample industrial process to explore some of these possibilities.
Process simulation using ASPEN Plus and published data were used to simulate at 5,000 ton per day methanol plant as the base case. The complete process flow diagrams can be found in Appendix A. The front end of the process, which includes synthesis gas generation through partial oxidation, was modeled using data from Buping, et al. (2010) [7] . For this analysis, the partial oxidation process was selected for the simulation of syngas generation because the reaction is exothermic and does not yield excess hydrogen. The maximum yield for synthesis gas generation occurs when the components are present in a stoichiometric ratio, 2:1. Partial oxidation leads to a CO/H 2 ratio very close to the optimum, about 1.8. However, cost optimization among the three syngas generation processes requires a much more complex analysis which is beyond the scope of this text. The reader may refer to Noureldin et al. (2012) for more information on these design considerations [8] . The methanol reactor was modeled using temperature and pressure conditions cited above and primary chemical reactions and side reactions using the RGIBBS thermodynamic equilibrium model of ASPEN Plus simulation.
In order to perform the analysis, information was gathered from various sources in order to estimate captial cost and operating costs. Cost of utilities, raw materials, and labor were extracted from literature coupled with simulation results [9] [10] [11] .
Shale gas preprocessing cost and profit from NGL separation was estimated from literature values and flow rates from the simulator. The preprocessing cost was then used to determine a price differential between natural gas and shale gas. The chemical composition of shale gas represented using values from gas produced from the Barnett Shale play, located in northeast
Texas near the Fort Worth area [1] . The area was first developed in the 1980's and was nicknamed the "Grandfather Shale," because it served as the development ground for the modern techniques that made shale gas production economical in the United States. It continues to be the most active shale gas play in the United States, which is why this location was selected as the feed for this study [1] . Values for composition of various wells from the Barnett Shale are shown in Table 3 . These data show the wide variability of possible chemical compositions of shale gas formations.
While some areas of the Barnett Shale Play are fairly consistent with conventional natural gas sources, others contain much higher concentrations of hydrocarbons, carbon dioxide and nitrogen. Data from Well 1 was used in the simulation in order to analyze the scenario with the highest deviation from conventional natural gas composition.
CHAPTER III

RESULTS
Economic
Detailed stream data from the process simulation can be found in Appendix B. A basis of 7,920
operating hours per year is used. Stream data along with cost estimations were used to generate the following cost and sales estimations. A sensitivity analysis was performed to evaluate the ability of the process to withstand changes in feedstock and product values. Figure 4 shows the ROI against methanol price ranging from $1.00 -$4.00 per gallon and natural gas price ranging from $2.00 to $6.00 per MMBtu.
MM $ Fixed Capital Investment
1,300.00 [13] Operating Analysis of the inlet gas stream was used to estimate the preprocessing cost for shale gas. For each calculation, 100% removal was assumed. The primary cost factors included were acid gas removal and nitrogen gas removal. Additionally, some of the total cost is offset through separation of the natural gas liquids (NGLs): ethane and propane. The final cost was then used to determine a price differential between shale gas from the wellhead in comparison with pipeline quality natural gas. Results are shown in Table 5 and Table 6 . 
Energy Integration
The operating cost can be reduced through the use of heat integration and cogeneration. The data for the hot and cold streams are given in Table 7 . acid mine drainage, with groundwater being the most typical as it is generally available close to production wells [3] .
As hydraulic fracturing technology has developed over the previous decade, the demand for water resources in shale gas production has increased. Consequently, water conservation efforts have also increased due competing interests of energy production with agricultural and health needs. Although water use for shale gas production is relatively minor (<1%) when compared to irrigation (56%) and municipal (26%) water use in Texas, it presents a greater strain in small areas with limited water resources [22] . Additionally, municipal water use is projected to stay relatively constant while shale gas water is projected to increase greatly over the next 30-40
years [22] . Some limits are already in place due to over abstraction of groundwater in the past for irrigation limits, and many other water conservation methods are being developed for shale Although natural gas burns much cleaner than other fossil fuels, it has been debated whether methane emissions during natural gas production and transportation amount to greater total greenhouse gas emissions. Upstream sources of fugitive emissions are relatively small (2.8%) compared to emissions from the power station, pipeline, and common elements [21] . In one study performed by Burnham and Han, results show that shale gas life cycle emissions statistically indistinguishable from conventional natural gas, 23% lower than gasoline, and 33% lower than coal [23] . Another study performed by Stephenson, Valle, and Riera-Palou found that unconventional gas emissions are about 1.8-2.4% higher than conventional gas base case, agreeing with the results from Burnham and Han [21] .
CHAPTER IV CONCLUSIONS
The results of the simulation and cost estimation demonstrate that production of methanol from shale gas would be profitable and a desirable business investment above a methanol selling price of approximately $1.50/gal. This corresponds with an ROI of at least 20% or a payback period shorter than five years. The sensitivity analysis shows that the process operating cost depend primarily on the raw natural gas feedstock. However, the ROI depends much more heavily on the selling price of methanol than on the operating costs. Energy Integration accounts for a cost savings of $30.1 million per year and corresponds to an increase in ROI of approximately 2%
points. The choice of partial oxidation for synthesis gas generation adds an addition cost for oxygen as a raw material, but some of this cost can be offset through energy integration.
Further analysis led to a cost estimation for the preprocessing of shale gas required to reach pipeline standards, which is necessary for delivery of the raw material to the proposed plant site.
Because shale gas can have a chemical composition much different than natural gas, these preprocessing costs may lead to a price differential between shale gas and conventional gas. In the scenario analyzed, the preprocessing costs were dominated by nitrogen removal, with some of the costs being offset from the sale of natural gas liquids (C2 and C3). However, these preprocessing costs require that the shale gas from the wellhead be sold at a lower price than pipeline-quality natural gas. This case shows a clear price differential at $0.73/MMBtu, but other sources of shale gas with fewer impurities would have a narrower price differential.
For an environmental prospective, the greenhouse gas emissions for shale gas preprocessing are statistically indistinguishable from those for conventional natural gas. In comparison to other sources of fossil fuels such as petroleum and coal, natural gas has much lower emissions; therefore, shale gas as a raw feedstock provides the same benefit of helping to reduce carbon emissions. Additionally, drilling for shale gas requires water intensive techniques including hydraulic fracturing. This water usage presents some concerns in domestic and semi-arid regions where availability of fresh water is more restricted. Water conservation techniques can be used to reduce water usage and environmental regulation may set limits on water usage in the future, as has been done with water for irrigation. 
APPENDIX A PROCESS FLOW DIAGRAMS Overall Process
First oxygen gas is heated to 200°C. The heated oxygen and natural gas are fed to the POX reactor where the raw materials react at 20 bar in order to form hydrogen gas and carbon monoxide in approximately a 1.8:1 ratio. In the HEAT-REC exchanger the products are cooled to 40°C and pressurized to 39.5 bar. In order to adjust the ratio to the stoichiometric value of 2.0, the gas mixture is sent through a flash column and then to the WGS reactor at 300°C where a water-gas shift reaction occurs.
CO + H 2 O ↔ CO 2 + H 2 ΔHr = 41.1 kJ/mol (7) Next, the products from the WGS reactor are cooled back down to 40°C and sent to a flash column where the liquid water separates from the syngas. The next unit removes carbon dioxide from the water-gas shift reaction. Next, the gas is compressed to 75 atm and sent to the MEOHRXR where it reacts at 240°C to form methanol vapor. The products from this reaction are then sent through a recycle loop with heat exchangers and compressors in order to maximize conversion of the feedstock. The crude methanol product is separated from the recycle stream in a flash column. The recycle ratio is set at 0.5.
Gas Separation
Before the shale gas feedstock can be sent via pipeline to the methanol plant, it must first undergo several preprocessing steps in order to remove contaminants that are limited by pipeline standards. The process diagram above shows that the gas is first sent through a carbon dioxide removal unit and then through a nitrogen gas separation unit (details show in following diagram).
Next the gas is sent through a heat exchanger and a series of distillation columns in order to remove the NGLs. The first cryogenic column has 15 stages and removes methane from the higher boiling hydrocarbons. In the second cryogenic column, ethane and propane are separated through 23 stages and purified in order to be sold for a profit. Both columns have a molar reflux ratio of 1.5.
Nitrogen Separation
The progress diagram above shows the natural gas inlet stream entering at the left into a separation unit. The gas is then split into a nitrogen-rich and nitrogen-free stream. Each stream goes through another separation step and the nitrogen gas is released to the atmosphere while the process gas is sent to a heat exchanger before it enters the demethanizer and deethanizer columns. 
APPENDIX B SIMULATION STREAM DATA
